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INTRODUCTION 
High-energy heavy-ion projecti le f r agmen ta t ion  has  been d e s c r i b e d  and 
ana lyzed  w i t h  an a b r a s i o n - a b l a t i o n  c o l l i s i o n  model ( r e f s .  1 t o  4 ) .  I n  t h e  model, 
t h e  projecti le n u c l e i ,  moving a t  r e l a t i v i s t i c  speeds ,  c o l l i d e  wi th  s t a t i o n a r y  
t a r g e t  n u c l e i .  A t  s m a l l  i m p a c t  parameters, p o r t i o n s  of t h e i r  nuc lea r  volumes 
o v e r l a p  and are s h e a r e d  away i n  t h e  c o l l i s i o n .  T h i s  is t h e  a b r a s i o n  process. 
The remaining piece of project i le  matter, sanetimes c a l l e d  a pref ragment ,  con- 
t i n u e s  its t r a j e c t o r y  w i t h  e s s e n t i a l l y  its p r e c o l l i s i o n  v e l o c i t y .  Because  o f  
t h e  nuc lea r  dynamics of t h e  a b r a s i o n  process, t h e  projecti le pref ragment  is i n  
an e x c i t e d  s ta te  af ter  t h e  c o l l i s i o n .  T h i s  e x c e s s  ene rgy  is removed i n  t h e  
a b l a t i o n  process by t h e  emis s ion  o f  gamma r a d i a t i o n  and/or t h e  e v a p o r a t i o n  o f  
one or more n u c l e a r  particles (e.g., nuc leons  and composites). The remain ing  
isotope is t h e  n u c l e a r  f ragment  species which is e x p e r i m e n t a l l y  d e t e c t e d  and 
whose cross s e c t i o n  is measured. 
b 
The a b r a s i o n  part of t h e  c o l l i s i o n  process is t y p i c a l l y  ana lyzed  from 
classical geometr ic  c o n s i d e r a t i o n s  ( ref .  3)  or by u t i l i z i n g  high-energy Glauber 
t h e o r y  (refs.  1 ,  2, and 4 ) .  I n  t h e  classical  geomet r i c  t h e o r y ,  t h e  number of 
abraded  nuc leons ,  and t h e  a b r a s i o n  cross s e c t i o n ,  is c a l c u l a t e d  from t h e  geo- 
metric o v e r l a p  o f  t h e  t w o  c o l l i d i n g  nuc lea r  volumes. Although c o n c e p t u a l l y  s i m -  
ple, t h i s  approach has no real  p h y s i c a l  b a s i s .  The i n h e r e n t  assumption t h a t  
nuc lea r  matter is comple te ly  opaque t o  i t s e l f  is i n  error;  nuc lea r  matter gen- 
e r a l l y  d i s p l a y s  a marked degree  of t r a n s p a r e n c y  ( r e f .  5 ) .  Hence, t h e  predicted 
cross s e c t i o n s  are o n l y  q u a l i t a t i v e l y  accurate. High-energy G l a u b e r  t h e o r y ,  
s i n c e  it is developed from formal  quantum s c a t t e r i n g  theo ry ,  is more p h y s i c a l l y  
rea l i s t ic .  Convergence of t h e  Glauber approximat ion  t o  t h e  m u l t i p l e - s c a t t e r i n g  
series,  however, is ve ry  s l o w  e x c e p t  i n  t h e  o p t i c a l  l i m i t .  P r e d i c t i v e  accu racy  
is s i g n i f i c a n t l y  improved i n  t h e  opt ical  l i m i t  f o r  heavy n u c l e i ,  b u t  i s  ex t r eme ly  
poor f o r  n u c l e i  l i g h t e r  t h a n  oxygen ( r e f .  4 ) .  
I n  a nuc lea r  optical model, t h e  t a r g e t  nuc leus  appears t o  be p a r t i a l l y  
t r a n s p a r e n t  t o  t h e  incoming high-energy project i le  s i n c e  t h e  c o l l i s i o n  mean 
free p a t h  is comparable t o  t h e  n u c l e a r  r a d i u s .  By ana logy  w i t h  optics, t h e  
nuc leus  is then  cons ide red  to  possess opt ical  properties such  t h a t  s c a t t e r i n g  
and a b s o r p t i o n  are c h a r a c t e r i z e d  by an " e f f e c t i v e "  complex index  o f  r e f r a c t i o n .  
Wilson and Cos tner  ( r e f s .  5 t o  7) have developed an opt ica l -model  p o t e n t i a l  
approximat ion  to  t h e  nuc leus-nucleus  m u l t i p l e - s c a t t e r i n g  series which converges  
much more r a p i d l y  t h a n  t h e  Glauber  approximat ion  and is v a l i d  even  f o r  ve ry  
l i g h t  n u c l e i .  As developed,  t h e  opt ica l -model  p o t e n t i a l  approximat ion ,  when 
u t i l i z e d  w i t h i n  t h e  c o n t e x t  of e i k o n a l  s c a t t e r i n g  t h e o r y  ( r e f .  8 ,  ch. 9 1 ,  
a c c u r a t e l y  p r e d i c t s  nuc leus-nucleus  t o t a l  and a b s o r p t i o n  cross s e c t i o n s  
( r e f .  71, but  does no t  p r e d i c t  f r agmen ta t ion  cross s e c t i o n s .  
I n  t h e  p r e s e n t  work,  t h e  f i r s t  s tep  toward deve lop ing  a comprehensive 
f r agmen ta t ion  t h e o r y  is under taken  by i n c o r p o r a t i n g  t h e  opt ica l -model  p o t e n t i a l  
approximat ion  i n t o  an a b r a s i o n - a b l a t i o n  c o l l i s i o n  formalism.  With in  t h e  con- 
t e x t  of e i k o n a l  s c a t t e r i n g  theo ry ,  e x p r e s s i o n s  f o r  projecti le a b r a s i o n  cross 
s e c t i o n s  are determined and numer ica l  p r e d i c t i o n s  ob ta ined .  I n  a d d i t i o n ,  t h e  
p r e d i c t i o n s  are compared wi th  expe r imen ta l  results and wi th  o t h e r  t h e o r e t i c a l  
a n a l y s e s  us ing  Glauber theo ry .  
ABRASION THEORY 
4 
Abrasion t h e o r i e s  developed i n  r e c e n t  y e a r s  have relied o n  Glauber t h e o r y  
as t h e  b a s i c  formalism f o r  t h e  e v a l u a t i o n  of p r o b a b i l i s t i c  c o l l i s i o n  f a c t o r s .  
Consequent ly ,  t he  i n h e r e n t  r e s t r i c t i o n s  of G l a u b e r  t h e o r y  are also l i m i t a t i o n s  
i n  t h e s e  models. With t h e  more powerful  t h e o r e t i c a l  methods now a v a i l a b l e ,  it 
appears  a p p r o p r i a t e  t o  develop  a new a b r a s i o n  t h e o r y  based on t h e s e  more g e n e r a l  
t h e o r e t i c a l  methods. Such a d e r i v a t i o n  f o l l o w s ,  a f t e r  a b r i e f  review of major 
resul ts  from c u r r e n t  a b r a s i o n  t h e o r i e s .  The symbols used i n  t h i s  paper are 
d e f i n e d  on pages 1 2 to 1 3. 
i 
I n  t h e  a b r a s i o n - a b l a t i o n  c o l l i s i o n  model, p r o j e c t i l e  f r agmen ta t ion  is a 
t h r e e - s t e p  p rocess .  I n  t h e  f i r s t  step, a b r a s i o n ,  m nuc leons  are knocked out 
of the  projecti le nuc leus  of mass number A p ,  l e a v i n g  an  e x c i t e d  prefragment  
nuc leus  of mass number 
I n  t h e  n e x t  s t e p ,  t h e  prefragment  a b l a t e s  by gamma emiss ion ,  p a r t i c l e  emis s ion  
( u s u a l l y  nucleons or a lpha  particles), or a combinat ion of t h e  t w o .  The t h i r d  
and f i n a l  phase i n v o l v e s  i n t e r a c t i o n s  between t h e  p a r t i c l e s  i n  t h e  f i n a l  s ta te .  
These f i n a l - s t a t e  i n t e r a c t i o n s ,  a l though n o t  unique t o  t h i s  c o l l i s i o n  formalism,  
n e v e r t h e l e s s  are s i g n i f i c a n t  e x p e r i m e n t a l l y  and m u s t  be inc luded  i n  any complete  
theo ry .  
Abrasion Cross S e c t i o n  
From r e f e r e n c e  4, t h e  cross s e c t i o n  for ab rad ing  m p r o j e c t i l e  nucleons 
is 
where (2) is t h e  binomial  c o e f f i c i e n t  which reflects t h e  number of p o s s i b l e  com- 
b i n a t i o n s  of m nucleons taken  from an ensemble of A p  i d e n t i c a l  nucleons.  
The t o t a l  a b s o r p t i o n  cross s e c t i o n ,  
is ob ta ined  by summing over  a l l  va lues  of m acco rd ing  t o  
2 
I 
AP 
'abs = Om ( 4 )  
m=l 
+ 
I n  e q u a t i o n s  (2)  and ( 3 ) ,  P ( b )  is t h e  p r o b a b i l i t y  as a f u n c t i o n  of i m p a c t  
parameter for n o t  removing a s i n g l e  projectile nucleon  i n  t h e  a b r a s i o n  process. 
Hence, 1 - P(g) is t h e  p r o b a b i l i t y  for removal of a nucleon. 
b 
The p r o b a b i l i t y  i n  Glauber t h e o r y  i s  g iven  by ( r e f .  4) 
where AT is t h e  mass number of t h e  t a r g e t  and t h e  D ( Z )  a re  t h e  s i n g l e -  
particle d e n s i t i e s  summed a l o n g  t h e  beam d i r e c t i o n  
+ - +  
p(s+z )  d z  Im + D ( s )  = 
-W 
The a b r a s i o n  t h e o r y  is now extended t o  a more g e n e r a l  c o l l i s i o n  t h e o r y  which 
does n o t  e x h i b i t  t h e  convergence problems i n h e r e n t  w i t h  Giauber  t h e o r y .  An 
added feature  of t h e  extended a b r a s i o n  t h e o r y ,  which g i v e s  symmetry t o  t h e  f i n a l  
r e s u l t ,  is t h a t  t h e  projecti le and t a r g e t  n u c l e i  are t reated on an e q u a l  b a s i s .  
G e n e r a l i z e d  Abrasion Theory 
Frcm an a l t e r n a t e  opt ical  model d e r i v e d  i n  r e f e r e n c e s  5 and 6, t h e  a b s o r p  ' 
t i o n  cross s e c t i o n  is expressed  u s i n g  t h e  e i k o n a l  approximation (ref.  8 ,  ch. 9 )  : 
-+ 
where t h e  e i k o n a l  phase f u n c t i o n  
approximation from r e f e r e n c e  7 i n c o r p o r a t e d ,  is w r i t t e n  
X (b) , w i t h  t h e  opt ical-model  p o t e n t i a l  
3 
where 
I n  e q u a t i o n s  (8) and (91, O ( e )  is t h e  energy-dependent nucleon-nucleon cross 
s e c t i o n ,  a(e)  
part  of t h e  s c a t t e r i n g  ampl i tudes ,  B ( e )  is t h e  energy-dependent slope parameter, 
and pp and PT are t h e  projectile and target  s i n g l e - p a r t i c l e  nuc lea r  d e n s i t i e s .  
Comparison of e q u a t i o n s  ( 3 )  and (7) implies t h a t  
is t h e  energy-dependent r a t i o  of t h e  r ea l  part t o  t h e  imaginary  
S u b s t i t u t i o n  of e q u a t i o n  (8)  i n t o  e q u a t i o n  (10 )  y i e l d s  
-f 
P ( b )  = e x p E A T  o ( e )  I($g 
F i n a l l y ,  t h e  cross s e c t i o n  for a b r a d i n g  any m nuc leons  (eq. ( 2 ) )  is w r i t t e n  
as 
I n  e v a l u a t i n g  e q u a t i o n  (1 21, v a l u e s  for O ( e )  and B ( e )  were t a k e n  from t h e  
compi l a t ions  i n  r e f e r e n c e s  9 and 10.  The nuc lea r  s i n g l e - p a r t i c l e  d e n s i t i e s  i n  
e q u a t i o n  ( 9 )  were e x t r a c t e d  f r m  t h e  charge  d e n s i t y  d a t a  i n  r e f e r e n c e  11 us ing  
t h e  d e t a i l e d  procedure  o f  r e f e r e n c e  7. 
Isotope Produc t ion  Cross S e c t i o n  
U p  t o  t h i s  p o i n t ,  a l l  nuc leons  have been t r e a t e d  as i d e n t i c a l  o b j e c t s .  
I n  o r d e r  to  d i f f e r e n t i a t e  between p ro tons  and neu t rons ,  e q u a t i o n  (5)  is replaced 
by (ref. 1 )  
where P ( c )  is a g a i n  g iven  by e q u a t i o n  (1 1 ) .  I n  e q u a t i o n  (1 3 ) ,  onz is t h e  
cross s e c t i o n  for ab rad ing  n o u t  of N n e u t r o n s  and z o u t  of Z pro tons  
from t h e  projecti le nucleus .  
t h e  neut ron  and p ro ton  d i s t r i b u t i o n s  i n  t h e  projecti le nuc leus  are comple te ly  
Implicit i n  t h i s  e x p r e s s i o n  i s  t h e  assumption t h a t  
4 
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u n c o r r e l a t e d .  T h i s  o v e r s i m p l i f i c a t i o n  o f  t h e  a c t u a l  complex n a t u r e  o f  nucleon 
c o r r e l a t i o n s  i n  n u c l e i  p rov ides  an a n a l y t i c a l l y  simple and conven ien t  s t a r t i n g  
p o i n t  for computing cross s e c t i o n s  f o r  s p e c i f i c  f ragment  species. 
RESULTS 
t F i g u r e  1 d i s p l a y s  r e s u l t s  o b t a i n e d  from e q u a t i o n  (12) f o r  l60 projecti le 
The i n c i d e n t  k i n e t i c  n u c l e i  c o l l i d i n g  wi th  v a r i o u s  s t a t i o n a r y  target  n u c l e i .  
(5 m 
1 3 5 7 9 11 13 15 17 
m 
F i g u r e  1.- Oxygen-target a b r a s i o n  cross s e c t i o n s  as a f u n c t i o n  o f  t h e  number 
of abraded  nuc leons .  The l i n e s  are mere ly  to g u i d e  t h e  eye .  I n c i d e n t  
k i n e t i c  energy  is 2.1 GeV/nucleon. 
energy  is 2.1 GeV/nucleon. 
t h e  2Tb f a c t o r  and t h e  e f f e c t  of  t h e  spa t ia l  v a r i a t i o n s  of PT and Pp on 
P ( z )  i n  t h e  i n t e g r a n d  of e q u a t i o n  (12 ) .  The compara t ive ly  large cross s e c t i o n s  
for ab rad ing  one or t w o  nuc leons  are i n d i c a t i v e  o f  the  dominance a t  large i m p a c t  
parameters of t h e  2Tb factor. Were it n o t  f o r  t h e  large degree  of n u c l e a r  
matter t r a n s p a r e n c y  i n  t h i s  ve ry  l o w  d e n s i t y  r e g i o n ,  t h e s e  cross s e c t i o n s  would 
be even l a r g e r  i n  magnitude.  
unexpected. I n  p e r i p h e r a l  i n t e r a c t i o n s ,  t h e  nuc leons  near  t h e  s u r f a c e  are leas t  
t i g h t l y  bound and are more e a s i l y  removed t h a n  t h o s e  i n  t h e  n u c l e a r  i n t e r i o r .  
Because of the  short  f i n i t e  range  of t h e  nuc lea r  f o r c e ,  a b r a s i o n  is p o s s i b l e  
even i f  t h e  projectile and target  d e n s i t i e s  do n o t  p h y s i c a l l y  o v e r l a p .  
number of abraded nuc leons  i n c r e a s e s ,  o v e r l a p  between t h e  project i le  and t a r g e t  
must occur .  T h i s  i n c r e a s e s  t h e  o v e r l a p p i n g  d e n s i t i e s  which do no t ,  however, 
offset  t h e  i n i t i a l  d e c r e a s e  i n  t h e  i m p a c t  parameter. As a r e s u l t ,  t h e  cross 
The shapes  of t h e  c u r v e s  are l a r g e l y  determined by 
P h y s i c a l l y ,  t h e s e  t h e o r e t i c a l  r e s u l t s  are no t  
As t h e  
5 
s e c t i o n s  i n i t i a l l y  decrease w i t h  i n c r e a s i n g  v a l u e s  of m. Between m = 5 and 
m = 11,  t h e  cross s e c t i o n  c u r v e s  f l a t t e n  as t h e  i n c r e a s i n g  nuc lea r  d e n s i t i e s  
t end  t o  ba lance  t h e  decrease i n  t h e  2Tb f a c t o r .  For m 2 1 1 ,  t h e  cu rves  d i s -  
p l a y  a marked  de endence on t h e  s i z e  of t h e  t a r g e t  nuc leus .  The r a p i d  d e c r e a s e  
t h e  projecti le nucleons  by t h e  smaller t a r g e t  is l i k e l y  to occur o n l y  f o r  v e r y  
s m a l l  i m p a c t  parameters. If t h e  t a r g e t  is pure  hydrogen (curve  n o t  shown), t h e  
cross s e c t i o n  f o r  a b r a d i n g  a l l  projectile nuc leons  i n  one c o l l i s i o n ,  from equa- 
t i o n  (1 21, is less than  5 nanobarns’ - approx ima te ly  a m i l l i o n  t i m e s  smaller 
t h a n  for t h e  Be t a r g e t .  A s  t a r g e t  s i z e  i n c r e a s e s ,  t h e  a b r a s i o n  cross s e c t i o n s  
i n c r e a s e  as m i n c r e a s e s .  T h i s  resul ts  from t h e  l a r g e r  geomet r i c  area f o r  
which t h e  projecti le and t a r g e t  volumes . comple t e ly  o v e r l a p .  
i n  Dm f o r  t h e  F Be target i n d i c a t e s  t h a t  a b r a s i o n  of a l l ,  or n e a r l y  a l l ,  of 
F i g u r e  2 d i s p l a y s  a b r a s i o n  cross s e c t i o n s  o b t a i n e d  from t h e  optical-model 
p o t e n t i a l  approximat ion  of t h i s  w o r k  and t h e  Glauber  approximat ion  of r e f e r -  
e r e n c e  4. A l s o  d i s p l a y e d  are expe r imen ta l  v a l u e s  estimated from t h e  isotope 
2 mb f m  
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F i g u r e  2.- Oxygen-copper a b r a s i o n  cross s e c t i o n s  v e r s u s  pref ragment  
mass number. I n c i d e n t  k i n e t i c  energy  i s  2.1 GeV/nucleon. 
p roduc t ion  cross s e c t i o n s  of r e f e r e n c e  1 2  by summing over  a l l  c o n t r i b u t i n g  
p ro ton  numbers Z f o r  a g iven  mass number A acco rd ing  t o  
1 nanobarn = 1 0-7 fm2. 
6 
The projecti le nuc leus  is l 6 0  a t  an i n c i d e n t  k i n e t i c  ene rgy  o f  2.1 GeV/nucleon. 
The t a r g e t  n u c l e u s  is 64Cu. 
are v e r y  similar,  t h e  opt ica l -model  a b r a s i o n  cross s e c t i o n s  of t h i s  w o r k  are 
markedly smaller and n e a r e r  t h e  e x p e r i m e n t a l  f r agmen ta t ion  r e s u l t s .  I n c o r p o r a t -  
i n g  a b l a t i o n  e f f e c t s  i n t o  t h e  t h e o r y  is expec ted  t o  change t h e  magnitudes of 
t h e  t h e o r e t i c a l  c u r v e s  and t o  s i g n i f i c a n t l y  a l t e r  t h e i r  shapes .  
Although t h e  shapes  of t h e  t h e o r e t i c a l  c u r v e s  
- 
- 
L Present theory / 
i The tendency f o r  t h e o r i e s  i n c o r p o r a t i n g  t h e  G l a u b e r  approximat ion  t o  over-  
estimate cross s e c t i o n s  is a p p a r e n t  i n  f i g u r e  3. The t h e o r e t i c a l  c u r v e s  d i s -  
p layed  were o b t a i n e d  from e q u a t i o n s  (4 )  and (12 )  of  t h i s  work  and from t h e  
i 
2 barns fm 
abs U U abs 
F i g u r e  3.- Oxygen-nucleus a b s o r p t i o n  cross s e c t i o n s  as a f u n c t i o n  of 
t a r g e t  mass number. I n c i d e n t  k i n e t i c  energy  is 2.1 GeV/nucleon. 
v a l u e s  l i s t ed  i n  t a b l e  I of r e f e r e n c e  4. The expe r imen ta l  d a t a  are due  t o  
Heckman e t  a l .  a t  t h e  Lawrence Berke ley  Labora to ry  ( r e f .  1 3 ) .  The curve  us ing  
Glauber  t h e o r y  does not  ex tend  below AT = 1 6  
convergence of the  Glauber approximat ion  to  P ( b )  i n  e q u a t i o n  (2) for t h i s  m a s s  
r eg ion  ( r e f .  4 )  . The opt ica l -model  p o t e n t i a l  approximat ion ,  however, r a p i d l y  
converges  f o r  any t a r g e t  mass number. 
%cause of t h e  ex t r eme ly  poor 
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Table  I lists r e p r e s e n t a t i v e  r e s u l t s  o b t a i n e d  from e q u a t i o n  (13) for pro- 
ducing  v a r i o u s  isotopes by projecti le a b r a s i o n  i n  t h e  r e a c t i o n  
1 6 0  + 9Be -+ AZ + X 
where AZ is t h e  specific isotope produced and X r e p r e s e n t s  any th ing  else 
produced i n  t h e  r e a c t i o n .  The i n c i d e n t  k i n e t i c  ene rgy  is 2.1 GeV/nucleon. A l s o  
l i s t e d  for comparison are a b r a s i o n  r e s u l t s  o b t a i n e d  us ing  t h e  Glauber approxi -  
mat ion (ref. 1)  and expe r imen ta l  isotope p roduc t ion  cross s e c t i o n s  from t h e  
Lawrence Berke ley  Labora tory  (ref. 1 2 ) .  I n  g e n e r a l ,  t h e  cross s e c t i o n s  d e t e r -  
mined i n  t h i s  w o r k  are smaller than  t h o s e  o b t a i n e d  w i t h  Glauber  theo ry .  T h i s  
w a s  also noted  i n  t h e  r e s u l t s  shown i n  f i g u r e s  2 and 3. 
Since  a b l a t i o n  has  not  y e t  been i n c o r p o r a t e d  i n t o  t h e  t h e o r y ,  most of t h e  
p r e d i c t e d  cross s e c t i o n s  o v e r e s t i m a t e  t h e  compar a b l e  exper iment  a1 r e s u l t s .  
T h e o r e t i c a l  i n a c c u r a c i e s  are a lso a t t r i b u t a b l e  t o  t h e  s i m p l i f y i n g  assumption 
t h a t  no c o r r e l a t i o n  e x i s t s  between t h e  d i s t r i b u t i o n s  of p ro tons  and neu t rons .  
Impor tan t  f i n a l - s t a t e  i n t e r a c t i o n  e f f e c t s  must also be i d e n t i f i e d  and inc luded  
i n  any a c c u r a t e  and complete theo ry .  The c a p a b i l i t i e s  of t h e  t h e o r y  for pro- 
ject i les  o t h e r  than  oxygen and e n e r g i e s  o t h e r  t h a n  2.1 GeV/nucleons are demon- 
s t r a t e d  i n  t a b l e  I1 where r e s u l t s  from e q u a t i o n  (13) 'are o b t a i n e d  f o r  t h e  
r e a c t i o n  
1 2 c  + 208Pb -+ AZ + x 
a t  an i n c i d e n t  k i n e t i c  energy  of 1 .05  GeV/nucleon. For comparison, expe r imen ta l  
v a l u e s  f r a n  r e f e r e n c e  1 2  are also shown. 
CONCLUDING REMARKS 
An opt ica l -model  p o t e n t i a l  approximat ion  to  t h e  nuc leus-nucleus  mu1 t iple-  
s c a t t e r i n g  series, p r e v i o u s l y  shown t o  a c c u r a t e l y  d e s c r i b e  t o t a l  and a b s o r p t i o n  
cross s e c t i o n s  f o r  c o l l i s i o n s  between r e l a t i v i s t i c  heavy i o n s ,  has  been success-  
f u l l y  i n c o r p o r a t e d  i n t o  an a b r a s i o n - a b l a t i o n  c o l l i s i o n  model and used t o  d e s c r i b e  
p r o j e c t i l e - n u c l e u s  f r agmen ta t ion  by a b r a s i o n .  Cross s e c t i o n s  f o r  a b r a d i n g  any 
number of  projecti le nucleons ,  as w e l l  as f o r  producing  s p e c i f i c  isotopic species, 
were c a l c u l a t e d .  Comparisons wi th  expe r imen ta l  f r agmen ta t ion  resul ts  and wi th  
p r e d i c t i o n s  from Glauber t h e o r y  i n d i c a t e  t h a t  t h e  model d e s c r i b e d  h e r e i n  y i e l d e d  
a b r a s i o n  cross s e c t i o n s  which were t y p i c a l l y  smaller and closer to  expe r imen ta l  
r e s u l t s  than  those p r e d i c t e d  by Glauber theo ry .  Unl ike  t h e  opt ical  l i m i t  of  
Glauber  theo ry ,  which cannot  be used for v e r y  l i g h t  n u c l e i ,  t h e  a b r a s i o n  form- 
alism of t h i s  w o r k  is v a l i d  for any projecti le-target combinat ion and for any 
i n c i d e n t  k i n e t i c  energy  a t  which e i k o n a l  s c a t t e r i n g  t h e o r y  can be u t i l i z e d .  
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- The u s u a l l y  wide disparit ies between p r e d i c t e d  and e x p e r i m e n t a l  r e s u l t s  i n d i -  
c a t e d  t h e  importance of a b l a t i o n  and f i n a l - s t a t e  i n t e r a c t i o n s  to  t h e  fragmenta- 
t i o n  process and emphasized t h e  need t o  i n c o r p o r a t e  them i n t o  t h e  formalism. 
Langley Research Center  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
June 1 2 ,  1981 
9 
REFERENCES 
1 .  H t fne r ,  J.; S c h s f e r ,  K.; and Scht'rmann, B.: Abrasion-Ablat ion i n  R e a c t i o n s  
Between R e l a t i v i s t i c  Heavy Ions .  Phys. Rev., ser. C ,  vo l .  12 ,  no. 6, 
D e c .  1 975, pp. 1888-1 898. 
2. Hcfner ,  J.; Sander ,  C.; and Wolschin,  G.: On t h e  S i m i l a r i t y  of Fragment 
Y i e l d s  i n  Heavy I o n  Reac t ions  a t  20 MeV/A and 2100 MeV/A. Phys. L e t t . ,  
vol .  73B, no. 3, Feb. 27, 1978, pp. 289-292. 
3.  O l i v e i r a ,  Luiz  F.; Donangelo, Raul;  and Rasmussen, John  0.: Abrasion- 
Ab la t ion  C a l c u l a t i o n s  of  Large Fragment Yie lds  From R e l a t i v i s t i c  Heavy 
I o n  Reac t ions .  Phys. Rev., ser. C,  vo l .  1 9 ,  no. 3 ,  Mar. 1979,  
pp. 826-833. 
4.  B le szynsk i ,  M.; and Sander ,  C.: Geometrical A s p e c t s  o f  High-Energy 
P e r i p h e r a l  Nucleus-Nucleus C o l l i s i o n s .  Nucl. Phys. , vol .  A326, 
nos. 2-3, Sep t .  1 0 ,  1979, pp. 525-535. 
5. Wilson, John W.: C a n p o s i t e  Par t ic le  Reac t ion  Theory. Ph. D. D i s s . ,  The 
College o f  W i l l i a m  and Mary i n  V i r g i n i a ,  June  1975. 
6 .  Wilson, J. W.: M u l t i p l e  S c a t t e r i n g  o f  Heavy Ions ,  Glauber Theory, and 
Optical  Model. Phys. L e t t . ,  v o l .  B52, no. 2, Sep t .  1974, pp. 149-152. 
7 .  Wilson, John W.;  and Cos tne r ,  Chr i s tophe r  M.: Nucleon and Heavy-Ion 
T o t a l  and Absorp t ion  Cross S e c t i o n  f o r  S e l e c t e d  Nuc le i .  NASA TN D-8107, 
1975. 
8 .  Joacha in ,  C h a r l e s  J.: Quantum C o l l i s i o n  Theory. American E l s e v i e r  Pub. 
Co. , Inc .  , 1975, pp. 188-224. 
9 .  H e l l w e g e ,  K.  -H. , ed .  : E l a s t i s c h e  und Ladungsaustausch-Streuung von 
E lemen ta r t e i l chen .  Landol t -Borns te in  Numerical Data and Runc t iona l  
R e l a t i o n s h i p s  i n  Sc ience  and Technology, Group  I ,  V o l .  7 ,  Springer-Verlag,  
1973. 
1 0 .  Benary,  Ode t t e ;  P r i c e ,  LeRoy R.;  and Alexander ,  Gideon: NN and ND I n t e r a c -  
t i o n s  (Above 0.5 GeV/c) - A Canp i l a t ion .  UCRL-20000 NN, Lawrence Rad ia t .  
Lab., Univ. o f  C a l i f o r n i a ,  Aug. 1970. 
1 1 .  H o f s t a d t e r ,  R. ;  and C o l l a r d ,  H .  R.: Nuclear  Rad i i  Determined by E l e c t r o n  
S c a t t e r i n g .  
i n  Sc ience  and Technology, Group I ,  V o l .  2, H .  Schopper,  ed., Sp r inge r -  
Verlag, 1 967, pp. 21 -52. 
Landol t -Borns te in  Numerical Data and F u n c t i o n a l  R e l a t i o n s h i p s  
12 .  Lindstrom, P. J.; Gre ine r ,  D. E.; Heckman, H.  H. ;  C o r k ,  Bruce; and 
Bieser, F. S.: Isotope Produc t ion  Cross S e c t i o n s  From t h e  Fragmentat ion 
of 6O and 2C a t  R e l a t i v i s t i c  Energ ies .  LBL-3650 (NGR-05-003-513) , 
Lawrence Berke ley  Lab. , Univ. of C a l i f o r n i a ,  June  1975. 
1 0  
1 3 .  Heckman, H. H.; Gre iner ,  D. E.; Lindstrom, P. J.; and Shwe, H.: Fragmenta- 
t i o n  of 4 H e ,  
GeV/Nucleon. Phys. Rev., ser. C ,  vol. 17,  no. 5,  May 1978,  pp. 1735-1747. 
2C, l 4N, and l 6O N u c l e i  i n  N u c l e a r  Emulsion a t  2.1 
11 
SYMBOLS 
A n u c l e a r  mass number , d imens ion le s s  
B ( e )  average  slope parameter of nucleon-nucleon s c a t t e r i n g  ampl i tude ,  f m 2  
b projectile i m p a c t  parameter vec to r ,  f m  
+- 
e two-nucleon k i n e t i c  ene rgy  i n  t h e i r  c e n t e r  of mass frame, GeV 
16) d e f i n e d  i n  e q u a t i o n  ( 9 )  
I m  x ( g )  
m number of abraded  nuc leons ,  d imens ion le s s  
imaginary part  of e i k o n a l  phase  s h i f t  f u n c t i o n ,  d imens ion le s s  
N t o t a l  number of project i le  nuc leus  neu t rons ,  d imens ion le s s  
n number of abraded  neu t rons ,  d imens ion le s s  
P 6) p r o b a b i l i t y  f o r  no t  removing a s i n g l e  nucleon by a b r a s i o n ,  
d imensi on1 es s 
X a l l  p roduc t s  of nuc lea r  c o l l i s i o n  except  t h e  p re f  ragment/fragment , 
d i m e  n s i  on1 ess 
+ 
Y two-nucleon r e l a t i v e  p o s i t i o n  vec to r  , fm 
2 to ta l  number of p r o j e c t i l e - n u c l e u s  p ro tons ,  d imens ion le s s  
A2 p a r t i c u l a r  nuc lear  isotope w i t h  p ro ton  number Z and mass number A, 
d imens ion le s s  
z number of abraded p ro tons ,  d imens ion le s s  
2 p o s i t i o n  vec to r  of projecti le a long  beam d i r e c t i o n ,  fm 
+ 
binomi a1 c o e f f i c i e n t  , d imens ion le s s  (3 
a (e) ave rage  r a t i o  of rea l  par t  t o  imaginary part  of nucleon-nucleon 
scat ter  i ng amp1 i t u d e  , dimens i o n l e s s  
+ 
ST c o l l e c t i o n  of c o n s t i t u e n t  r e l a t i v e  c o o r d i n a t e s  f o r  t a r g e t ,  f m  
P nuc lea r  s i n g l e - p a r t i c l e  d e n s i t y ,  fm-3 
0 (e) 
O a  bs 
ave rage  nucleon-nucleon t o t a l  cross s e c t i o n ,  f m 2  or mb 
heavy-ion a b s o r p t i o n  cross s e c t i o n ,  fm2 or mb 
1 2  
expe r imen ta l  heavy-ion cross s e c t i o n ,  fm2 or mb 
heavy-ion f r agmen ta t ion  cross s e c t i o n ,  fm2 or m b  
*e- 
*F 
*m cross s e c t i o n  f o r  abrading  m nuc leons ,  f m 2  or mb 
0" 
*n z cross s e c t i o n  for ab rad ing  n n e u t r o n s  and z pro tons ,  fm2  or mb 
X G I  
nucleon-nucleon cross s e c t i o n ,  f m 2  or mb 
e i k o n a l  phase s h i f t  f u n c t i o n ,  d imens ion le s s  
S u b s c r i p t s  : 
F pref ragment 
P pro j ect il e 
T tar  get 
A r r o w s  over symbols i n d i c a t e  v e c t o r s .  
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TABm 1.- OPTICAL M3DEL ABRASION CROSS SECTIONS FOR THE mACTION 
l 6 O  + 9Be + AZ + X 
[ I n c i d e n t  k i n e t i c  energy  i s  2.1 GeV/nucleonl 
S p e c i e s ,  AZ 
1 50 
1 40 
1 30 
5N 
4N 
3N 
2N 
4c 
3c 
2c  
C 
Onzr m b  
(a 1 
96.3 
24.7 
7.7 
96.3 
56.4 
30.7 
15 .3  
24.7 
30.7 
26.8 
19 .3  
Cross s e c t i o n s  from 
Glauber t h e o r y  ( r e f .  1) , 
m b  
(a 1 
1 31 
33 
1 0  
1 31 
75 
40 
1 9  
33 
40 
33 
21 
Oexp (ref. 1 2 ) ,  mb 
(a 1 
43.0 k 2.1 
1.6 f .1 
.32 f .04 
54.1 f 2.7 
49.5 f 4.0 
8.0 f .4 
.66 f .06 
5.2 f 0.3  
28.6 f 1.4 
60.8 f 4.9 
21.0 f 1.0 
al m i l l i b a r n  (mb)  = 0.1 s q u a r e  femtometer (fm2).  
1 4  
TABLE 11.- OPTICAL MODEL ABRASION CROSS SECTIONS FOR 
2C + 208Pb -f AZ + X 
[ I n c i d e n t  k i n e t i c  energy i s  1.05 GeV/nucleonl 
Species, AZ 
OC 
11 B 
OB 
OBe 
Be 
9 ~ i  
45.8 
178.0 
11 0.0 
45.8 
61 .7 
13.7 
OeXp ( re f .  1 2 )  mb 
128.0 f 22 
10.9 f 1.7 
149.0 f 25 
50.9 f 18.2 
10 .9  f 1 .8 
22.2 f 3.7 
1 .76 ? 0.81 
al m i l l i b a r n  (mb)  = 0.1 square femtometer ( f m 2 ) .  
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